At least two major drivers of phytoplankton production have changed in recent decades in the North Sea: sea surface temperature (SST) has increased by~1.6 C between 1988 and 2014, and the nitrogen and phosphorus loads from surrounding rivers have decreased from the mid-1980s onward, following reduction policies. Long time series spanning four decades of nutrients, chlorophyll (Chl), and pH measurements in the Southern and Central North Sea were analyzed to assess the impact of both the warming and the deeutrophication trends on Chl. The de-eutrophication process, detectable in the reduction of nutrient river loads to the sea, caused a decrease of nutrient concentrations in coastal waters under riverine influence. A decline in annual mean Chl was observed at 11 out of 18 sampling sites (coastal and offshore) in the period 1988-2016. Also, a shift in Chl phenology was observed around 2000, with spring bloom formation occurring earlier in the year. A long time series of pH in the Southern North Sea showed an increase until the mid-1980s followed by a rapid decrease, suggesting changes in phytoplankton production that would support the observed changes in Chl. Linear correlations, however, did not reveal significant relationships between Chl variability and winter nutrients or SST at the sampling sites. We propose that the observed changes in Chl (annual or seasonal) around 2000 are a response of phytoplankton dynamics to multiple stressors, directly or indirectly influenced by deeutrophication and climate warming.
At least two major trends are currently affecting phytoplankton dynamics in the North Sea: the warming trend that started between 1982 and 1987 (Beaugrand and Reid 2003; Edwards et al. 2006; van Aken 2010; Høyer and Karagali 2016) and the de-eutrophication trend, that is, the decreasing loads of nutrients and organic matter into coastal seas, that started in the 1980s (van Beusekom et al. 2009; Burson et al. 2016; Meyer et al. 2018) . In addition to potentially altering the stratification regime in the Central North Sea, increasing sea surface temperature (SST) may have strong effects on the physiology of marine phytoplankton, that is, temperature may enhance phytoplankton cell division rate (Hunter-Cevera et al. 2016) or, on the contrary, negatively affect net production when it exceeds temperature optima for photosynthesis while still enhancing cell respiration (Barton et al. 2018 ). Richardson and Schoeman (2004) have shown a consistent correlation between the temperature increase and the change in phytoplankton abundance (based on Continuous Plankton Recorder [CPR] counts) in the Northeast Atlantic. They show a decreasing abundance of phytoplankton as SST increases in warmer waters and an increasing abundance of phytoplankton as SST increases in cooler waters, with a northward shift of species. Such temperature effects can then propagate in the food web through bottom-up control of herbivorous copepods by their phytoplankton prey and of carnivorous zooplankton by their copepod prey (Beaugrand and Reid 2003; Richardson and Schoeman 2004; Richardson 2008; Capuzzo et al. 2018) . Recently, Capuzzo et al. (2018) showed a correlation between the increase in SST and a decrease in phytoplankton production in the North Sea, with a negative impact on small copepods and fish recruitment. Temperature may also have an effect on the phenology of phytoplankton blooms. Hunter-Cevera et al. (2016) showed how increasing SST in New England coastal waters accelerated phytoplankton cell division rates, This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
Additional Supporting Information may be found in the online version of this article.
inducing changes in the timing and amplitude of the blooms. This supports the idea that "in a warming climate spring processes tend to occur earlier and autumn processes shift later" (Atkinson et al. 2015) . Such shifts in phenology could lead to uncoupling of trophic interactions (Cushing 1990; Edwards and Richardson 2004) .
At the same time, human-induced eutrophication at a global scale has caused deleterious effects in coastal zones (e.g., oxygen minimum zones, Harmful Algal Blooms) with potentially serious consequences for ecosystem functioning, such as, for example, massive animal mortality or partial inhibition of secondary production (Galloway et al. 2004; Daro et al. 2006; Diaz and Rosenberg 2008; Doney 2010; Lancelot et al. 2014) . The North Sea is subject to relatively high anthropogenic riverine loads of nitrogen (N) and phosphorus (P) (Lancelot et al. 1987; Jickells 1998; Brion et al. 2006) with an additional significant atmospheric input of nitrogen (Troost et al. 2013 ): 10% to 30% of the nitrogen in the Southern North Sea originates from the atmosphere (Dulière et al. 2017 ). This drives intense phytoplankton blooms with large phytoplankton biomass accumulation (usually expressed as chlorophyll [Chl] ) in most coastal zones between March and October (Cadée and Hegeman 2002; Rousseau et al. 2006; Desmit et al. 2015 Desmit et al. , 2018 OSPAR_Commission 2017) . Depending on the morphology and hydrology of the receiving basin and on phytoplankton community structure, eutrophication may lead to different symptoms such as foam events (caused by blooms of the colonial haptophyte Phaeocystis), hypoxia or even dead zones, nutrient imbalances allowing toxic species occurrence, inhibition of zooplankton egg production, and/or changes in community structure (Jickells 1998; Rousseau et al. 2000; Colijn et al. 2002; Daro et al. 2006; Philippart et al. 2007) , and these phenomena can be further complicated by climate change (Painting et al. 2013) . Mitigating eutrophication in the North Sea requires the reduction of nutrient inputs to the rivers (de Jonge et al. 2002; Billen et al. 2011) , preferably by adopting a dual-N,P reduction strategy to avoid pronounced nutrient imbalances (Howarth and Marino 2006; Conley et al. 2009 ). At the end of the 1960s, an International Symposium was held at Helgoland during which it was recommended to take immediate measures against marine pollution in the North Sea "even before the urgently required formal international conventions are established" (de Jong 2007) . To this end, initiatives like the (NSC 1987 (NSC , 1990 . In addition to this agreement at the level of the -Gollop et al. 2007; Vermaat et al. 2008; Prins et al. 2012; OSPAR_Commission 2017) and decreasing nutrient concentrations in coastal waters in parts of the Southern North Sea (Philippart et al. 2007; van Beusekom et al. 2009; Prins et al. 2012; OSPAR_Commission 2017) .
Both the warming and the de-eutrophication trends may have direct or indirect effects on the long-term annual mean and the phenology of Chl. Methodological limitations make it difficult to capture consistent changes in Chl at the scale of the North Sea: the time series should be long enough to detect trends beyond the annual Chl variability and the study should cover the different hydrodynamic regions which are characterized by different biogeochemical conditions (e.g., Capuzzo et al. 2018) . Monitoring changes in phenology, for example, by the characterization of bloom onset (start of the bloom) and timing (day of maximum Chl or abundance), requires long time series with relatively high-frequency sampling (e.g., Mieruch et al. 2010, for phytoplankton species; and Philippart et al. 2010, for Chl a) . Detecting large-scale regime shifts and subsequent changes in plankton community structure requires time series covering the North Sea over decades (Weijerman et al. 2005; Alvarez-Fernandez et al. 2012) . The main aim of the present study is to complement previous studies by reporting long-term changes in SST, nutrient concentrations (N, P), and Chl (phenology and annual mean values) over the last decades at different sampling sites in the Southern and Central North Sea. Our objective is to evaluate if these trends over the past decades can be related to climate warming and/or de-eutrophication. Table 1 . Main river outlets around the North Sea with their geographical location (country and coordinates). The mean discharge and mean loads of total N (Ntot), total P (Ptot), and dissolved silica (DSi) are calculated over the period available in the data set. Ntot in U.K. rivers is approximated by winter DIN. Data made available by Sonja van Leeuwen (NIOZ) and Hermann Lenhart (UHAM), see Pätsch et al. (2016) . Note that the discharges at "North Sea Canal" and "Lake IJssel" are also Rhine River water which is diverted to the north through the river IJssel and then Lake IJssel. "Meuse" in the table is the discharge point at Haringvliet, which is also partly Rhine River water mixed with water from the Meuse River (Haringvliet is approximately 50% Rhine).
Country
River 
Methods

Study area and nutrient loads
The study focuses on the North Sea and more specifically on the continuum from the Southern Bight of the North Sea (Belgium) to the Frisian coast (the Netherlands), and then to the Central North Sea at the Oyster Grounds and Dogger Bank (see Fig. 1 and Tables 1, 2 for location of main river outlets and sampling sites). The Belgian continental shelf (BCS) is shallow (~20-50 m) with its coastal zone being permanently well-mixed due to tidal energy and its offshore zone being subject to intermittent stratification in the northeastern part (Ruddick and Lacroix 2006; van Leeuwen et al. 2015) . The coastal area is under freshwater influence, mainly from the Scheldt but also from the Rhine/ Meuse rivers (Dulière et al. 2017) , while the offshore waters are dominated by oceanic inputs including remnants of the buoyant plumes from the Seine and Somme rivers (Ménesguen et al. 2018 ). In the BCS, the oceanic and freshwater end-members are well-mixed horizontally and vertically by tidal energy, resulting in a decreasing coastal-offshore gradient in salinity, and nutrient and Chl concentrations (Desmit et al. 2015) . In its southern part, coastal waters of the Dutch continental shelf (DCS) are dominated by the Rhine/Meuse Region Of Freshwater Influence (Rhine/Meuse ROFI or Delta ROFI), where intermittent salinity stratification may occur with complex spatial patterns subject to wind influence and upwelling induced by tidal straining (de Boer et al. 2009 ). The offshore waters show more stable circulation patterns under the influence of Atlantic waters from the English Channel. A tidal front occurs in an arc across the Southern North Sea from Yorkshire in the United Kingdom to the Frisian coast in the Netherlands, separating relatively well-mixed waters in the south from intermittently or seasonally stratified waters in the Central North Sea (Longhurst 2007; van Leeuwen et al. 2015) .
From the 1980s onward, the N and P loads of major rivers have been decreasing around the North Sea (Brion et al. 2006; van Beusekom 2018) . A data set of river discharges and riverine nutrient loads (Table 1) on the basis of data available from Hamburg University (Pätsch et al. 2016) . The decrease in nutrient loads to the sea, characteristic of de-eutrophication, is reflected in the riverine nutrient concentrations measured at the river outlets, with some rivers showing a maximum nutrient concentration in the 1980s (Fig. 2 ; nutrient loads are the result of nutrient concentrations multiplied by the water discharge). Ntot is not available for U.K. rivers and the winter DIN concentration (January-February) is used as a proxy for annual mean Ntot concentration, which may be an underestimate.
Sampling sites
Eight sampling sites (on eighteen), representative of different waterbodies in the North Sea, were studied in more detail in the Result section: BE coast and BE offshore (both representing an aggregation of sampling sites, see Table 2 ); and six sampling sites from different transects in Dutch waters: NW02, NW70, GR06, TS010, TS135, and TS235 (see Table 2 ). The coastal-offshore subdivision in Belgian waters is based on the Belgian definition of coastal sites used in the WFD (Directive_2000/60/EC 2000). Sampling sites W01, W02, W03, and W04 are not strictly within one nautical mile from the coast but they are considered as coastal waterbodies. The other Belgian sites are considered as offshore in this study. Some sampling sites are subject to riverine inputs of nutrients (e.g., NW02) while others are under the influence of Atlantic water (e.g., NW70). Some are permanently wellmixed (i.e., BE coast and BE offshore), while others are within the Delta ROFI and may be subject to intermittent saline stratification (GR06, NW02, and TS010). Along the Terschelling transect, there is a deeper offshore site at Oyster Grounds (TS135) and a shallower one at Dogger Bank (TS235), both subject to seasonal thermal stratification.
Data set
The Belgian marine data set includes environmental variables (e.g., SST, salinity, nutrients, Chl, and pH) since the Table 1 ). The lines are smooth responses (LOESS, locally estimated scatterplot smoothing; MATLAB 2018) to the annual variability of nutrient concentrations. Ntot in U.K. rivers is approximated by winter DIN.
1970s and documents many different sampling sites in the Southern North Sea (Nohe et al. 2018) . The analyzed data set includes nutrients between 1990 and 2014 and Chl between 1988 and 2014. Water samples were taken at the surface of the water column (< 3 m) with a monthly frequency. Gaps in the time series of Chl are frequent in the data set. To reduce their effect, we have aggregated the nine main Belgian sampling sites into two waterbodies: Belgian coast and Belgian offshore ( Fig. 1 and Table 2 ).
Regarding Chl measurements in Belgian waters, several techniques (monochromatic spectrophotometry, fluorimetry, and HPLC) have been used by different laboratories and by different technicians since 1988, possibly introducing random errors of up to 10% in the data (see Supplemental Information for details; Table S1 ).
Salinity and SST were measured in situ with a Seabird SCTD SBE09 or SBE19. Major nutrient concentrations in Belgian waters (ammonium, nitrate, nitrite, and phosphate) were measured using spectrophotometry (for details, see Koroleff [1969] for ammonium, De Galan et al. [2004] for nitrate and nitrite, and Van Der Zee and Chou [2005] for phosphate). A Technicon Auto Analyzer II technique was used in the framework of the Belgian monitoring program since 1995 and a Skalar continuous flow system (Auto Analyzer) since 2001. The most important difference lies in the accuracy of the results, with better detection limits and smaller standard deviations (Lagring 2018) .
The measurement of pH was done with a glass electrode calibrated with standard buffers in the National Bureau of Standards scale. Initial data analyses showed that there were no difference in trends in the BE coast and BE offshore sites, so data were aggregated to simplify data processing and analysis. In order to detect a possible change in the seasonality of pH (more specifically in the spring), the monthly anomalies of pH in April and May in the BCS have been computed as the monthly average minus the annual average in order to eliminate the long-term trend.
The Dutch marine monitoring program (Rijkswaterstaat 2009 ) has been measuring environmental variables (e.g., SST, salinity, nutrients, Chl, dissolved oxygen, pH, phytoplankton species composition) on a bi-weekly to monthly basis (depending on the sampling site) since the 1970s along a series of transects perpendicular to the coast, from the Delta region to the Frisian coast ( Fig. 1 and Table 2 ). In this study, we focused on data resulting from subsurface samplings (< 3 m). Dissolved inorganic nitrogen (DIN; detection limit [d.l.] = 0.5 μM) and dissolved inorganic phosphorus (DIP; d.l. = 0.06 μM) were measured following Grasshoff et al. (1983) . Chl was determined by fluorescence prior to 1986 and by HPLC from 1986 to today (see Supplemental Information  Table S1 , for details).
We investigated possible changes in the wind climate as wind may influence the duration of the stratification at sea and hence Chl bloom dynamics. As no offshore wind data were available, we used data from three stations along the Dutch coast (Vlissingen, Hoek van Holland, IJmuiden), obtained from the Dutch meteorological institute (downloaded from www.knmi.nl).
The SST data have been spatially aggregated across all available sampling sites in the North Sea (Belgian and Dutch), yielding the time series called SST NS in this study. A cumulative sum (CuSum) of SST NS was calculated to detect changes in the trend. A CuSum is the sequential sum of the successive elements of a vector having been reduced to zero mean and unit variance (see e.g., Beamish et al. 1999) . Starting and ending with zero, the CuSum function is typically used for monitoring a change. A positive slope of the CuSum indicates an above-average tendency in the data and a negative slope represents a below-average tendency.
Missing data
Twelve missing data points (out of 528 data points, i.e., 2%) in the monthly SST NS data set have been imputed with a smoothing spline function. Nutrient data sets from rivers were delivered without missing data. Monthly marine nutrient and Chl data showed missing data that have not been replaced and were considered as "not available" (NA). For the purpose of calculating annual mean Chl and the seasonality of Chl time series, years with too few monthly Chl data have been excluded based on the following criteria: a year was excluded if the number of months with no data was > 4 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 Year -10 -5 0 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 Year 0 The gray line is the linear regression on annual mean SST NS (slope = 3.55 × 10 −2 ; R 2 = 0.28; p = 1.6 × 10 −4 ). (Bottom) Cumulative sum of the annual mean SST NS (z-score) in the period 1971-2014. or if there were no data in the period March to May. For the purpose of nonparametric trend analysis, missing data in annual time series were imputed (see below).
CuSum
Nonparametric trend test and correlations
The time series of annual winter nutrient concentrations (January-February) and annual mean Chl (whole year) have been submitted to the nonparametric Mann-Kendall's trend test at all sites (see equations in Pohlert 2016) . Eight representative sampling sites (see above) were selected for the graphics. For the winter nutrients time series, a Pettitt's test (Pettitt 1979 ) was first applied to detect possible shifts in the central tendency of the time series around a single changepoint (a specific year). The Pettitt's test is "true" when two periods show different averages. Then, the Mann-Kendall's trend test was performed on the two periods (or on the whole time series if no change-point was detected). The application of two trend analyses, that is, before and after the changepoint, is particularly indicated in the case of a time series showing different decreasing rates over the period. The null hypothesis in Mann-Kendall's test is that the data are independent and randomly ordered. This test is nonparametric, as it does not rely on any assumptions on the distributions of X or Y. The Kendall rank coefficient (tau) allows establishing whether two variables may be regarded as statistically dependent. Tau varies between −1 (anticorrelation) and 1 (correlation); if X and Y are independent, the coefficient approaches 0. Statistics of significant trends were reported and the parameters of the linear regression were identified with the Sen's test (see Pohlert 2016) .
For the annual mean Chl data set, the procedure was slightly different: a Mann-Kendall's test was conducted from the year 1988 onward as 1988 is the year of a regime shift in show the estimated trend regressions (see Table 3 ) when statistically significant. The waterbodies "BE coast" and "BE offshore" result from the spatial aggregation of the corresponding sampling sites (see Table 2 ). Table 3 . Statistics of trend analyses of the winter nutrient concentration time series for sites where a significant trend was detected (the test was made on the 18 sites). The waterbody "BE offshore" results from the spatial aggregation of the Belgian offshore sampling sites (see Table 2 ). the northeast Atlantic ocean, the North Sea, and the Wadden Sea, with a change in the abundance and composition of plankton species (Beaugrand and Reid 2003; Weijerman et al. 2005; Alvarez-Fernandez et al. 2012) . A Pettitt's test was also performed on annual time series of Chl to indicate possible change-points but we did not see an added value in breaking the trend before and after the change-point. We simply calculate the mean Chl in the two periods if there is a changepoint. The whole package of trend analysis (packages "kendall," boot," and "trend") is freely available in R (R Core Team 2015). Default parameters for all functions were used in our analyses. These packages require continuous time series without missing data. For the purpose of conducting the trend analyses only, the missing data in our time series have been imputed with the R function "na.approx." That function interpolates between existing data and allows capturing a trend with Mann-Kendall's test in spite of missing data, as was tested by Ramos and Cordeiro (2013) .
In addition to trend tests, correlations between annual mean Chl and winter DIN, DIP, or annual SST were assessed for all sites. Statistical significance of all correlations is associated to a threshold alpha of 5% (i.e., significance is obtained at p value < 0.05).
Timing and onset of the Chl spring bloom
One of our objectives was to detect whether there is a significant change in Chl phenology over time, more specifically a change in the timing (time of maximum Chl) and onset (starting time) of the spring bloom. The timing and onset of the Chl spring bloom were determined using a method described for a Chl a time series by Philippart et al. (2010) and for a phytoplankton abundance time series by Mieruch et al. (2010) , where a smoothing model function is used to represent the bloom. To demonstrate the feasibility of the method, we first focused on a test site (Noordwijk 10) with the highest sampling frequency (biweekly) of the whole data set. For each year, a smoothing spline interpolation function was used to reproduce the seasonal Chl pattern (MATLAB function "fit" with option "smoothingspline" and smoothing parameter λ = 0.05; MATLAB 2018). Focusing on the first Chl bloom in spring, we identified the timing of the bloom as the maximum value of the spline function before Increments of the instantaneous rates were then calculated to determine the acceleration of the Chl bloom increase. The onset of the spring bloom was identified as the day of the maximum acceleration value. As the maximum acceleration was often found close to the Chl maximum, we constrained the search for the onset to periods with Chl values below 25% of the Chl maximum. This algorithm was applied to the annual Chl seasonal profiles at Noordwijk 10 to derive a time series of spring bloom timings and onsets (Fig S1 in Supplemental Information). The same was then applied on climatological years of Chl by decade at Noordwijk 10 (Chl was averaged by decade in 15-day bins; Figs. S1, S2 in Supplemental Information). The subdivision by decade was chosen as an objective slicing of the long time series also reducing the interannual variability. We then used this approach for all other sampling sites to detect the timing and onset of spring bloom for each decade (i.e., avoiding interannual variability and focusing on decadal variability). The smoothing property of the spline function was not used (smoothing parameter λ = 1) because the monthly averaging already resulted in sufficient smoothing of the Chl seasonal. Linear least-square regressions were then applied for each sampling site separately and also for all sampling sites together to evaluate general tendencies in the timing and onset of the spring bloom. Statistical significance of all regression lines is associated to a threshold alpha of 5% (i.e., p < 0.05). Only significant regressions are reported.
Standardization of Chl values in March and May
If changes in Chl spring bloom phenology occur, then the Chl values in March should change from year to year, that is, concentrations would increase over the years in the case of an earlier spring bloom or decrease in the case of a later bloom. Before analyzing such changes, we removed any long-term trends in Chl from the data using the multiplicative model of Cloern and Jassby (2010) . Chl in March was thus standardized using the following equation:
where Chl March y is the monthly value of Chl in March of year y, and A y is the annual mean Chl of year y. To compare the resulting values of Chl March standardized across sampling sites, the zscores (vector reduced to zero mean and unit variance) were calculated per sampling site throughout the period 1976-2016. The same approach was also done for Chl in May.
Results
Sea surface temperature and wind
The annual mean SST NS shows an increasing trend over the period 1971-2014 ( Fig. 3 ), corresponding to a temperature increase of 1.6 C, which is consistent with the findings of van Table 4 . Statistics of trend analyses performed on time series of annual mean Chl concentrations at all studied sampling sites in the North Sea (only significant results are presented). The years of possible shifts in the central tendency are indicated with Chl means before and after the shift, and with the relative differences in Chl between periods. The waterbody "BE offshore" results from the spatial aggregation of the Belgian offshore sampling sites (see Table 2 ). (Fig. 3, bottom) suggests that there are two tipping points in the increasing trend, that is, 1987-1988 and 1996-1998 . While the years 1995-1998 show a negative annual NAO index, we did not find any correlation between the annual means of SST NS and NAO index in the long term. A Pettitt's test made on SST NS shows a shift in the central tendency around the year 1987. The period 1971-1987 has a mean SST NS of 10.6 C while the period 1988-2014 has a mean SST NS of 11.5 C.
Statistics of annual mean Chl
There was a significant decrease in the number of days where wind force (hourly averaged wind speed) exceeded 17.1 m s −1 (33 knots) during the months March-September in the years 1975-2018 (Mann-Kendall's test, p < 0.05).
Nutrients Figure 4 shows changes in winter DIN and/or DIP (January-February) for eight representative sites in the BCS and DCS (cf. Methods section). Significantly decreasing trends (Mann-Kendall's test) were detected in winter DIN and/or DIP (January-February) at 11 out of 18 sampling sites (Table 3 ). The decrease in winter DIN (when significant) is continuous over the period except at Goeree 6 where the decrease is significant until 1995 but not afterward. Winter DIP exhibits markedly decreasing concentrations at all sampling sites under freshwater influence, except in BE coast (data only since 1988). In this vertically well-mixed waterbody, neither winter DIN nor DIP concentrations showed a significant trend in the period 1990-2014, in contrast with a decreasing rate of Ntot in the "NL Delta" river group of on average 5.7 μmol L −1 year −1 during this period (linear regression; R 2 = 0.88; p = 6.8 × 10 −20 ). The shallow and well-mixed BE offshore waterbody and site Terschelling 50 are the only offshore areas showing a decreasing trend in winter DIP. The other offshore sampling sites (e.g., Terschelling 135 and 235, Fig. 4) show stable winter nutrient concentrations with relatively low interannual variability.
The Pettitt's test detected a single change-point at 10 sampling sites, namely 8 change-points in winter DIN time series and 10 change-points in winter DIP time series. These changepoints occur mainly around the early 1990s, that is, between 1989 and 2003 for winter DIN, and between 1987 and 1995 for winter DIP.
Annual mean Chl
Time series of annual mean Chl values since 1988 show decreasing trends at several sampling sites ( Fig. 5 and Table 4 ). The Mann-Kendall's test identified significant trends at eleven sites in total, all decreasing. Change-points (Pettitt's test) in the central tendency were observed between 1995 and 2007 at twelve sites, with annual means of Chl consistently decreasing by 22% to 33% from one period to the other (Table 4 ).
The seasonal profile of Chl averaged by decade at eight representative sites suggests a shift in Chl phenology at several sites, with earlier spring bloom formation and termination, especially in the 2000s and 2010s (Fig. 6 ). Any change in the autumn Chl bloom is less clear, with the exception of Terschelling 10 and Terschelling 235 where the autumn bloom tends to occur later in recent years. The shift in Chl phenology is also illustrated by a consistent change in the timing and onset of the spring bloom. Our analyses show that the timing of the Chl spring bloom (in month unit, all sites together) occurs significantly earlier from the 1970s to the 2010s (Fig. 7 and Table 5 ). This forward shift was also significant for five individual sampling sites ( Table 5 ). The onset of the spring bloom (in month unit, all sites together) also shows a significant forward shift ( Fig. 7 and Table 5 ). However, there is much more variability between sites, and only at Noordwijk 2 does the onset of the spring bloom show a significant forward shift (Table 5) .
A change in spring bloom phenology is also shown in Fig. 8 where in the North Sea. The lines are interpolating splines on the monthlyaveraged values. The waterbodies "BE coastal" and "BE offshore" result from the aggregation of corresponding sampling sites (see Table 2 ). Linear correlations investigating possible relationships between annual mean Chl and winter nutrients or SST did not show significant results, except at Marsdiep Noord ("Chl vs. winter DIN": slope = 0.081, R 2 = 0.30, p = 0.001; and "Chl vs. winter DIP": slope = 2.05, R 2 = 0.45, p < 0.001) and at Terschelling 4 ("Chl vs. SST": slope = −0.969, R 2 = 0.21, p = 0.031). We also did not find a significant correlation between Chl March standardized or Chl May standardized and SST NS over the years. A pH time series of the Belgian data set (aggregated across the BCS) is shown in Fig. 9 ; an analysis for the DCS can be GR06  MdN  NW02  NW10  NW20  NW70  TS004  TS010  TS050  TS100  TS135  TS175  TS235  WC02  WC20  WC70 1960 1970 respectively, but only for sampling sites with a statistically significant regression line (straight lines; see statistics in Table 5 ). The gray regression line in the background and its confidence interval curves (95%) correspond to the regression made from all eighteen sampling sites together. found in Provoost et al. (2010) . Annual means of pH in the BCS show a gradual increase from the early 1970s to the mid-1980s, followed by a sharp decrease around 1989, after which the values more or less stabilize (Fig. 9) . This trend is also visible in the seasonal amplitude of pH (calculated as the difference between the monthly minimum and maximum for a given year; Fig. 10 ). During the period 1975-2015, the seasonal signal of pH also showed a change during the phytoplankton bloom with high values shifting from late to early spring. This is apparent in the detrended signal of pH in April and May (Fig. 10) : while the pH anomaly increases in April, it globally decreases in May (starting from the 1980s).
Discussion
At least two major drivers of phytoplankton production have changed in recent decades in the North Sea: SST has increased by 1.6 C between 1971 and 2014, and the N and P loads from surrounding rivers have decreased from the mid-1980s onward. There is still debate about the causal factors of the North Sea warming trend. Some authors attribute it mainly to an increase in Northern Hemisphere Temperature (e.g., Beaugrand and Reid 2003) , while van Aken (2010) also points out the contribution of local variations in wind circulation and cloudiness, not excluding the influence of the climate warming due to greenhouse gases.
In the same period, the marine winter DIN and DIP concentrations decreased at most sampling sites under freshwater influence, following the N and P load reduction in rivers surrounding the North Sea. The four most important anthropogenic sources of N and P are the rivers Rhine, Humber, Seine, and Elbe, together accounting for 56% and 63%, respectively, of the N and P loads from the rivers listed in Table 1 . Atmospheric N deposition to the sea is not a negligible anthropogenic source in the Southern Bight (especially in offshore areas), with relative contributions between 10% and 30% (Dulière et al. 2017) . The high values of N and P found in the 1980s in both rivers and marine sampling sites are in line with the maximum N and P concentrations found during the 1980s in long time series of the River Rhine going back to the 19th century (van Beusekom 2018). The decline in P inputs to the rivers since the late 1980s reflects improved waste water treatments and limits on the phosphorus content of laundry detergents (EC 2010; Bouraoui et al. 2014 ). The reduction of N inputs to the rivers has been less pronounced, mainly due to the difficulty in controlling diffuse agricultural sources. Typically, the response time before the impact of an N reduction is seen in surface waters may amount to several decades because of N storage in soils and aquifers (Bouraoui and Grizzetti 2011) . The reductions had an impact on coastal concentrations of nutrients, with a statistically significant decrease in winter DIN and DIP at 9 and 11 out of 18 sites, respectively ( Fig. 4 and Table 3 ). The marine offshore sites did not exhibit 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 Year -2 0 2 4 6
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March (z-scores)   BEco  BEof  WC02  WC20  WC70  NW02  NW10  NW20  NW70  GR06  MdN  TS004  TS010  TS050  TS100  TS135  TS175  TS235 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 Year trends in nutrient concentration as they are mainly under the influence of Atlantic waters (Dulière et al. 2017; Lenhart and Große 2018; Ménesguen et al. 2018) . BE offshore is an exception as it shows a decreasing trend in winter DIP. Although that waterbody is dominated by Channel waters, it is also under the influence of the Scheldt and the remnant of the buoyant plumes from the Seine and Somme rivers (Ménesguen et al. 2018) . The dissolved silica (DSi) loads are lower than the N loads in most rivers, resulting in on average high N:Si ratios at the river outlets. According to Prins et al. (2012) , the export of silica to the coastal zone has increased in some areas since the 1990s due to lower riverine diatom production resulting from de-eutrophication. This may potentially stimulate marine diatom production. A decline in the annual mean Chl since the 1990s was observed at eleven out of eighteen sampling sites, mostly in coastal waters subject to freshwater influence. At the same time, an overall change in Chl phenology was also observed, with the onset and timing of the spring bloom occurring earlier in the year. These observations are consistent with the long-term pH trend, which shows an increase until 1988, followed by a decline, and changes in the monthly pH signal which corroborate the observed forward shift of the Chl spring bloom. Indeed, pH increases when net phytoplankton photosynthesis increases and organic matter accumulates, and the annual amplitude of the pH signal can be interpreted as a proxy of the net annual phytoplankton production (Borges and Frankignoulle 1999) . The long-term trend in pH and its annual amplitude may therefore be related to changes in phytoplankton production, possibly in response to the eutrophication and de-eutrophication processes before and after the late 1980s Borges and Gypens 2010) . Our observations are in general agreement with known North Sea ecosystem regime shifts (around 1979, 1988, and perhaps 1998) with changes in the abundance and diversity of planktonic species (Beaugrand and Reid 2003; Edwards et al. 2006 , for 1988 and Alvarez-Fernandez et al. 2012 Weijerman et al. 2005 Weijerman et al. , for 1998 ). According to Weijerman et al. (2005) , the regime shift of 1988 is linked to changes in SST and weather conditions, with an increased inflow of relatively warm Atlantic water. Our results support the regime shift of 1988 and the potential regime shift of 1998. The long-term increase in SST NS is marked by two tipping points : 1987-1988 and 1996-1998 . Furthermore, the annual mean Chl at 12 sites also show tipping points in the period 1995-2007, while the change in Chl phenology is also marked by a tipping point in the year 2000 (i.e., increasing Chl March standardized and decreasing Chl May standardized across all sampling sites). Many studies have reported long-term changes in phytoplankton biomass proxies (including Chl but also the Phytoplankton Colour Index obtained with the CPR, McQuatters-Gollop et al. 2015) in the North Sea. In general, phytoplankton biomass appears to have increased from the 1970s to 1990s/2000s (Philippart et al. 2000; Beaugrand and Reid 2003; Antoine et al. 2005; Edwards et al. 2006; McQuatters-Gollop et al. 2007; Raitsos et al. 2014) . However, several studies showed a stabilization or decline in phytoplankton biomass and/or production after the late 1990s (Cadée and Hegeman 2002; Prins et al. 2012; Capuzzo et al. 2015 Capuzzo et al. , 2018 , which is in accordance with our observations. These changes in phytoplankton biomass could either be directly linked to changes in important drivers of phytoplankton production, such as temperature, nutrients, or the underwater light climate, or indirectly, via the effect of these drivers on, for example, changes in stratification regimes or zooplankton/benthos grazing (Cloern 2001) . The fact that we did not observe a direct significant correlation between the annual or seasonal dynamics of Chl and nutrients or temperature suggests that complex interactions between the abovementioned factors may underlie the Chl trends.
Several studies reported that a reduction in riverine nutrient loads will impact coastal phytoplankton production through nutrient limitation Lacroix et al. 2007; Lenhart et al. 2010; Desmit et al. 2015) . The observed decline in Chl in the present study can also be linked with reduced riverine nutrient inputs since the late 1980s. However, offshore waterbodies like BE offshore, Walcheren 70, Noordwijk 70, and Terschelling 100 also exhibit a declining trend in annual mean Chl (and Terschelling 135 shows a change in central tendency toward lower values over the period) but do not show a significant decreasing trend in nutrient concentrations (except for P in BE offshore, but it has been argued that N is limiting there; Burson et al. 2016; Desmit et al. 2015) . Likewise, the shift in Chl phenology cannot directly result from a change in marine nutrient concentrations. At sites under freshwater influence, winter nutrient concentrations show lower values in recent decades because of de-eutrophication but their seasonal signal did not change (i.e., the minimum concentration of nutrients is reached the same month; see Fig. S3 ). Moreover, the forward shift in the timing of the spring bloom is also visible at an offshore sampling site, Walcheren 70, where nutrient concentrations are more stable (Table 3) .
While increases in phytoplankton biomass until the 1990s/2000s have been attributed to climate warming (e.g., Raitsos et al. 2014) , rising temperature may also have adverse effects on phytoplankton density. Barton et al. (2018) proposed a physiological mechanism to explain the possible link between rising temperatures and a decline in phytoplankton biomass. The capacity of phytoplankton to efficiently use its photosynthetic carbon to grow could be limited at higher temperatures by rising respiratory costs exceeding the supply of reduced carbon from photosynthesis (Barton et al. 2018) . Another explanation for the decrease in Chl could be that the Carbon:Chl ratio of phytoplankton increases with water clarity, as observed by Alvarez-Fernandez and Riegman (2014) .
The forward shift in phytoplankton bloom phenology may be linked with increased winter and early spring temperatures (see Beaugrand and Reid 2003; Edwards et al. 2006) . A mechanistic explanation was proposed by Hunter-Cevera et al. (2016) : increasing temperature accelerates phytoplankton cell division rates, resulting in earlier bloom formation. It is, however, commonly considered that the onset of the spring bloom in the North Sea depends on both temperature and light availability (Peperzak 1993; Peperzak et al. 1998 ). Therefore, another explanation could involve a change in the underwater light field in recent decades either through a change in cloudiness and hence surface irradiance, or through a change in turbidity. Wiltshire et al. (2008) reported an increase in water transparency at Helgoland Roads but, even so, they did not observe a change in the spring bloom dynamics. In the BCS, SPM loads were slightly but significantly lower in the 2000s compared with the 1970s, but only in winter (A. Nohe unpubl. obs.), which may result in a more favorable light climate for phytoplankton growth in late winter-early spring. In contrast, Capuzzo et al. (2015) showed that water clarity in the North Sea has generally decreased in the last decades, driven largely by increased suspended sediment, except perhaps in the permanently mixed areas of the Southern Bight including the Belgian coast. Although water clarity may have increased locally (Wiltshire et al. 2008 ; Alvarez-Fernandez and Riegman 2014), it seems that the general trend in the North Sea is toward a decrease in water clarity.
Another important temperature-related factor impacting phytoplankton growth is stratification. In seasonally stratified regions, the thermal stratification cycle is set by the balance between seasonal heating and tidal mixing, with wind mixing perturbing this stratification cycle throughout the year (Holt et al. 2016) . Stratification reduces the adverse effect of light limitation on phytoplankton production but may cause nutrient limitation in summer, unless stratification is interrupted. The phytoplankton bloom will then be sensitive to factors that strengthen the stratification (e.g., increasing SST) or that interrupt it (e.g., strong wind). Capuzzo et al. (2018) propose that the decline in phytoplankton production across the North Sea in recent decades may be explained by reduced nutrient inputs (particularly in the Southern Bight) and indirect effects of temperature such as a strengthening of the density gradient at the thermocline. Holt et al. (2016) pointed out increased stratification and decreased phytoplankton production in the central (stratified) parts of the North Sea. The decreasing trend in wind speed at meteorological stations on the Dutch coast suggests that the increase in stratification (strength, duration) with increased temperatures is further enhanced by changes in the wind climate. In this respect, the seasonal profiles of Chl at Terschelling 10 and at Terschelling 235 (Fig. 6) suggest a longer duration of the summer stratification in recent years shifting the autumn Chl bloom to October and November, respectively.
Zooplankton grazing may have significant control over phytoplankton dynamics and the bloom formation in the North Atlantic (Behrenfeld 2010) . Following the "dilutionrecoupling hypothesis," cold winters and associated deep mixing are essential for the bloom formation in seasonally stratified areas. Deep mixing perturbs predator-prey interactions through dilution effect and allows the net growth rate of phytoplankton to be positive in mid-winter or early spring. The phytoplankton annual cycle and community structure may also change dramatically under shifting grazing pressure, as shown in the San Francisco Bay when the Pacific Ocean shifted from its warm phase to its cold phase in 1999 (Cloern et al. 2007; Smetacek and Cloern 2008) . In the North Sea, the warm regime since the late 1980s was accompanied by a decrease of cold-water copepods and an increase of warmwater copepods (CPR data; Alvarez-Fernandez et al. 2012) . The authors also observed a decrease in dinoflagellates and an increase in diatoms annual maxima after 1998. In mesocosm experiments, Keller et al. (1999) showed that warmer temperatures result in lower phytoplankton biomass during the winter-spring bloom period. This may be attributed to increase grazing related to greater metabolic activity of zooplankton and benthos. In the shallow List Tidal Basin (Wadden Sea), van Beusekom et al. (2009) showed a negative correlation between spring Chl (mean March-April) and winter temperature (mean February-March). Cold winters are followed by higher Chl spring blooms; the potential reason being that "phytoplankton loss by benthic filtration and/or zooplankton grazing is reduced by low temperatures thereby enhancing the bloom magnitude" (van Beusekom et al. 2009 ). These results tend to suggest that, in shallow or seasonally stratified areas, a warming trend may result in less intense spring bloom due to enhanced grazing/filtration. Top-down control in the North Sea was, however, questioned by Capuzzo et al. (2018) who provided evidence for a bottom-up effect of decreasing phytoplankton production on higher trophic levels. The decline in annual mean Chl and the shift in phytoplankton phenology may indeed have an impact on the food web. The trophic "match-mismatch" hypothesis (Cushing 1990 ) predicts that after a phenological shift a predator may miss the production peak of its prey as the level of response to drivers of change (e.g., climate warming) may vary across functional groups and multiple trophic levels (Edwards and Richardson 2004) . This effect may be reduced in temperate productive systems, however, as pointed out by Atkinson et al. (2015) : the variability in relative timing of feeder and food is naturally high in the marine system and, thus, some compensating mechanisms exist to reduce the impact of a planktonic phenological shift on the trophic transfers, potentially reducing adverse effects.
To summarize, the sea surface warming and the deeutrophication trend since the mid-1980s in the North Sea may have directly affected phytoplankton photosynthesis in the North Sea, but also indirectly via changes in stratification or grazing. The combination of these factors may have induced a decline in annual mean Chl and a forward shift in the spring bloom of Chl across the North Sea, with a tipping point around 2000. However, the exact mechanisms for the observed Chl changes remain as yet unclear, and it would be interesting to further compare the North Sea with other temperate marine areas subject to de-eutrophication and warming.
